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SOURCES OF MICROTREMORS

Wave propagation principally as 
surface waves

•0.05-0.5 Hz :  Meteorological -
(eg wave action)

•1-30 Hz : Cultural -
vehicles, trains, machinery
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INFORMATION CONTENT OF 
MICROSEISMS

•spectral maxima indicate 
resonances which may be used for  
earthquake-risk site classification

•phase velocity gives thickness and 
shear-strength of sediments
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INFORMATION 
CONTENT OF 
MICROSEISMS

•spectral maxima 
indicate resonances 
which may be 
earthquake risks

•phase velocity gives 
thickness and shear-
strength of sediments

NAKAMURA 

vs

OKADA?



MONASH

r =  50 m

1.7 r

2 r

INSTRUMENT FOR ARRAY SURVEY

6 Vertical seismometers

1 central 3-axis seismometer

9-channel Kelunji recorder

A hexagonal 
array frequently 
used in 
microtremor
studies in 
Australia
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INFORMATION 
CONTENT OF 
MICROSEISMS

•spectral maxima indicate 
resonances which may 
contribute to earthquake 
risk

•phase velocity gives 
thickness and shear-
strength of sediments

NAKAMURA 

AND
OKADA!
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MEASUREMENT OF PHASE 
VELOCITY WITH AN ARRAY

•Beam-forming - good for sources 
with defined direction  (eg Liu et al 
2000)

•Spatial auto-correlation or Spatially 
Averaged Coherency (SPAC) -

good for omni-directional
sources
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r =  50 m

1.7 r

2 r

PROCESSING OF ARRAY DATA

Spatially Averaged Coherency 
(SPAC)

•Compute inter-station coherencies

•spatially average around the circle
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Spatial auto-correlation (SPAC)

- good for omni-directional sources
For a plane wave passing pairs of 

stations, averaged in azimuth θ, gives

ρ(f) = ∫ e i k.r d θ = Jo (k.r),  
where k = 2 π f / C .

(Aki, 1957,1965)
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r =  50 m

The simplest array of 4 
stations, for SPAC 
processing. Range of r
may be 5 to 100 m.

r =  28.9 m
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PRKL3

PRKL2

N

CLR3

CLR2

COYOTE ARRAY GEOMETRY

(after Hortencia Flores)
Array of seven 
seismometers 
used in 
microtremor
observations at 
the Coyote Creek 
(William Park) 
site, Santa Clara 
Valley CA.
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COYOTE 

SPECTRA

-From

-NNW

-To SSE
-Changes from NNW to 

-SSE are slight, so geology 

-appears to be 1D

PRK1

PKLC

CLM

CLR1

SSE

NNW

Fig. 4. Comparison of H/V spectra across the arrays from NNW to SSE.



COYOTE INTERP: BEST “BLIND” RESULT
Coyote Creek 

Interpreted Velocity Log PkDec2
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Interpretation of velocities from SPAC data for the large array (300 m side-length).  At 
right is the interpreted layered-earth model produced “blind”, ie without knowledge of 
geology or velocity logs in the borehole.

Superimposed on the layered earth model is the S and P-wave velocity logs, supplied 
after completion of the “blind” interpretation.



COYOTE INTERP: BEST “BLIND” RESULT

r2 =  300 m

r1 =  173 m
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Model PKDEC2.  Points 50K-100K. Coh smooth=1

COYOTE INTERP: BEST “BLIND” RESULT
The process of 
interpretation.  
Curve fitting of 
observed SPAC 
coherency spectra 
with modelled
SPAC spectra is 
performed in 
coherency space 
(not in velocity 
space as is done 
in most other 
papers on the 
SPAC method).



CLR1CLR1

Model PKdec2.    

COYOTE SPECTRA

- H/V  for model 
PKdec2 (the 
“blind”model) and 
observed spectra

fails to match



COYOTE SPECTRA

- The failure of the “blind” model to match the H/V spectra 
poses questions requiring a re-interpretation of both the 
SPAC and H/V spectral data.  The following slides show a 
modified layered-earth model which allows both SPAC and 
H/V to match model and field observations.  This second 
phase of modelling was performed after geological and P-S 
logs for the Coyote water bore were made available.
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COYOTE SPECTRA

- H/V “new”model
Pkapr03e

Matches spectra         
AND 
SPAC

CLR1CLR1



COYOTE SPAC INTERPRETATION 

PARAMETER SENSITIVITY STUDY

-Each layer velocity is varied by +- 5% or 10%, and the 
change in the resulting fit of coherency spectra is computed 
as an rms error, computed over a specified frequency band 
(shown as the blue bar on following plots).  The rms error is 
shown as “StdErr=“ at bottom right of each plot.

-It is found that a change of order 10% in the rms error 
corresponds to a significant mis-fit in the coherency curve 
match.  This allows estimation of error bounds on the 
velocity Vs parameters for the layers. 

-In other cases a change in a parameter gives rise to a 
noticeable shift in one or more peaks or troughs in the 
SPAC spectrum; a shift giving a visibly poor match is also 
an indicator used for estimation of error bounds on the Vs 
parameters for the layers.  
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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(preferred model)
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE SPAC INTERPRETATION 

PARAMETER SENSITIVITY STUDY

-

-The following 3 slides show the value of layer 4 Vs is 
exceedingly well resolved by the SPAC data, and must lie 
in the range 420 to 460 m/s.
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e

-1200
-1100
-1000

-900
-800
-700
-600
-500
-400
-300
-200
-100

0
0 500 1000 1500 2000 2500 3000

Velocity (m/sec)

D
ep

th
 (m

)

Vp
Vs

Layer 4

Resolved 
between 420 
and 460 m/s

Layer 4 Vs=420 m/s



MONASH

COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE 

SENSITIVITY 

STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE SPAC INTERPRETATION 

PARAMETER SENSITIVITY STUDY

-

-The following 3 slides show the value of layer 2 Vs is well 
resolved by the SPAC data for the smal triangular array, 
and must lie in the range 219 to 241 m/s.
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COYOTE SENSITIVITY STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE SENSITIVITY STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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Small 60 m 
array:

Layer 2

Resolved 
between 219 
and 241 m/s

Layer 2 Vs=230 m/s
(preferred model)
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COYOTE SENSITIVITY STUDY

Coyote Creek 
Interpreted Velocity Log Pkapr04e
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COYOTE 

SENSITIVITY 

SUMMARY

Coyote Creek 
Interpreted Velocity Log Pkapr04e

-1200
-1100
-1000

-900
-800
-700
-600
-500
-400
-300
-200
-100

0
0 500 1000 1500 2000 2500 3000

Velocity (m/sec)

D
ep

th
 (m

)

Vp
Vs

Coyote Creek 
Interpreted Velocity Log Pkapr04e

-300

-250

-200

-150

-100

-50

0
0 500 1000 1500 2000 2500 3000

Velocity (m/sec)
D

ep
th

 (m
)

Vp
Vs

(Black bars show 
sensitivity ranges 
for Vs, derived 
from 
perturbations of 
each Vs in turn).
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Coyote Creek 
Interpreted Velocity Log Pkapr04e
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Coyote Creek 
Interpreted Velocity Log Pkapr04e

-30

-25

-20

-15

-10

-5

0
0 500 1000

Velocity (m/sec)
D

ep
th

 (m
)

Vp
VsCOYOTE 

SENSITIVITY 

SUMMARY

Including 
comparison 
with P-S logs 
in the Coyote 
water bore

Coyote Creek 
Interpreted Velocity Log Pkapr04e

-300

-250

-200

-150

-100

-50

0
0 500 1000 1500 2000 2500 3000

Velocity (m/sec)

D
ep

th
 (m

)

Vp
Vs
Vslog
Vplog



MONASH

ACKNOWLEDGMENTS

Hortencia Flores – array design

Russell Sell – data acquisition

David Boore – Data Gate Keeper 
Extraordinaire



REFERENCES 
(Recent papers by Michael Asten et al)

*72.  Asten,M.W., 2001, The Spatial Auto-Correlation Method for Phase Velocity of Microseisms – Another Method for Characterisation of 
Sedimentary Overburden:  in Earthquake Codes in the Real World, Australian Earthquake Engineering Soc., Proceedings of the 2001 
Conference, Canberra, Paper 28.

*73. Asten, M.W. and Dhu, T. (2002) Enhanced interpretation of microtremor spectral ratios using multimode Rayleigh-wave particle-motion 
computations, in Total Risk Management in the Privatised Era, editted by M Griffith, D. Love, P McBean, A McDougall, B. Butler, 
Proceedings of Conference, Australian Earthquake Engineering Soc. , Adelaide, Paper 8.

*74.  Asten,M.W.,  Lam, N., Gibson, G. and Wilson, J. (2002) Microtremor survey design  optimised for  application to site amplification and 
resonance modelling, in Total Risk Management in the Privatised Era, editted by M Griffith, D. Love, P McBean, A McDougall, B. 
Butler, Proceedings of Conference, Australian Earthquake Engineering Soc. , Adelaide, Paper 7.

*77.  Asten, M.W., 2003, Historical note and preface to SEG translation of “The Microseismic Method”, in H. Okada, “Microseismic Survey 
Method”: Society of Exploration Geophysicists of Japan.  Translated by Koya Suto, Monograph  12, Society of Exploration 
Geophysicists, Tulsa.

*78. Asten, M.W., Dhu, T., Jones, A., and Jones, T. (2003) Comparison of shear-velocities measured from microtremor array studies and 
SCPT data acquired for  earthquake site hazard classification in the northern suburbs of Perth W.A., in “Earthquake Risk Mitigation”, 
(Eds) J.L. Wilson, N.K. Lam, G. Gibson, B. Butler, Proceedings of a Conference of the Australian Earthquake Engineering Soc., 
Melbourne, Paper 12.

*79. Asten, M.W.,  (2003) Lessons from alternative array design used for high-frequency microtremor array studies, in “Earthquake Risk 
Mitigation”, (Eds) J.L. Wilson, N.K. Lam, G. Gibson, B. Butler, Proceedings of a Conference of the Australian Earthquake Engineering 
Soc., Melbourne, Paper 14.

*81. Asten, M.W., 2004, Comment on “Microtremor observations of deep sediment resonance in metropolitan Memphis, Tennessee” by Paul 
Bodin, Kevin Smith, Steve Horton and Howard Hwang. Engineering Geology, v. 72 (3/4) 343-349.

83.  Asten, M.W., 2004, Method for site hazard zonation, Santa Clara valley:  Thickness  and shear-velocity mapping of Holocene-Pleistocene 
sediments by array studies of microtremors.  Presented at First Annual Northern California Earthquake Hazards Workshop, January 13-
14, 2004, USGS, Menlo Park.

84. Lam, N., Asten, M.W.,Roberts, J., Venkatesan, S., and Wilson, J., (2004), A Generic Tool for Modelling Earthquake Hazard, The 18th 
Australasian Conference on the Mechanics of Structures & Materials, Perth, 1-3 December 2004.

*85. Roberts, J., and Asten, M.W., 2004, Resolving a velocity inversion at the geotechnical scale using the microtremor (passive seismic) 
survey method.  Exploration Geophysics, v.36 (1), 00-00,  in press.

89. Asten, M.W., (2004) Passive seismic methods using the microtremor wave field: Extended Abstracts of the ASEG-PESA 17th Geophysical 
Conference and Exhibition, in press for Aug. 2004.

*90. Asten,M.W., Dhu, T., and Lam,N. (2004) .Optimised array design for microtremor array studies applied to site classification; 
observations, results and future use:  Proceedings of the 13th World Conference of Earthquake Engineering, Vancouver.  In press for 
Aug 2004.




